Objective: Craniosynostosis (CS) involves the premature fusion of one or more cranial sutures. The etiology of CS is complex and mutations in more than 50 distinct genes have been causally linked to the disorder. Many of the genes that have been associated with CS in humans play an essential role in tissue patterning and early craniofacial development. Among these genes are members of the Hedgehog (HH) and Notch signal transduction pathways, including the GLI family member Gli3, Indian Hedgehog (Ihh), the RAS oncogene family member Rab23, and the Notch ligand JAGGED1 (Jag1). We have previously described a colony of rabbits with a heritable pattern of coronal suture synostosis, although the genetic basis for synostosis within this model remains unknown. The present study was performed to determine if coding errors in Gli3, Ihh, Rab23, or Jag1 could be causally linked to craniosynostosis in this unique animal model.
Introduction
Craniosynostosis (CS) is a craniofacial disorder that has a prevalence of 1 in *2000 live births and is characterized by the premature fusion of one or more cranial sutures (Cohen and MacLean, 2000; Bonaventure and El Ghouzzi, 2003; Cohen, 2005; Morriss-Kay and Wilkie, 2005; Slater et al., 2008) . Premature fusion of the cranial sutures results in restricted cranial growth, secondary deformities in the cranial vault and base, altered intracranial volume, and elevated intracranial pressure. These deformities may result in optic nerve compression, papilledema, and if left uncorrected, optic atrophy, blindness, and cognitive disability (Cohen, 1979 (Cohen, , 2009 Johnson and Wilkie, 2011) . The severity of craniofacial growth, ocular, and neural abnormalities associated with craniosynostosis pose extensive and often recurring clinical and surgical management problems.
Mutations associated with CS frequently impact signaling pathways that are essential to embryonic tissue patterning and craniofacial morphogenesis. Examples include the Hedgehog (HH) signaling pathway and the Notch signaling pathway, both of which play an integral role in early craniofacial development. HH signaling is essential for tissue patterning and cell fate specification within the craniofacial primordia (Jeong et al., 2004) . Mutations within the HH pathway members GLI3, IHH, and RAB23 have been associated with Greig cephalopolysyndactyly syndrome (GCPS), Philadelphia-type craniosynostosis, and Carpenter syndrome, respectively (Kalff-Suske et al., 1999; Jenkins et al., 2007; Barroso et al., 2015) . The Notch signaling pathway regulates several cell processes that are essential to craniofacial development, including proliferation and cell fate specification, and mutations within the Notch ligand Jagged1 have been causally linked to Alagille syndrome (Li et al., 1997; Guegan et al., 2012; Humphreys et al., 2012) .
In 1993, we reported on a female New Zealand White rabbit born in our laboratory with congenital bilateral coronal suture synostosis (Mooney et al., 1993) . We have bred this individual and her offspring and have developed a breeding colony of rabbits with familial, primary coronal suture synostosis (Mooney et al., 1994a (Mooney et al., , 1994b (Mooney et al., , 1996 (Mooney et al., , 2000 . Pedigree analysis suggests that this condition is inherited in an autosomal dominant fashion with variable expression (Mooney et al., 1996) . We have utilized the rabbit colony to model therapies for both postoperative reossification (Putz et al., 2002a (Putz et al., , 2002b Cooper et al., 2007; Mooney et al., 2007a Mooney et al., , 2007b Frazier et al., 2008; Gilbert et al., 2016) and the prevention of initial suture fusion (Losken et al., , 1999 Chong et al., 2003; Cray et al., 2010 Cray et al., , 2012 . Results from these studies demonstrate that this colony is producing craniosynostotic, but otherwise normal, healthy rabbits and show that the pathological findings from this rabbit model are strikingly similar to clinical findings noted in human infants with primary, familial craniosynostosis (Cohen, 1993; Mooney et al., 1994a Mooney et al., , 1996 Wilkie and Wall, 1996; Cohen and MacLean, 2000) .
The genetic defect within this rabbit model remains unknown and is a subject of ongoing investigation. Prior work in our laboratory has shown that the expression profile of HH family members is altered in the synostotic rabbit population relative to wild-type animals, suggesting the potential involvement of the HH pathway in this rabbit model (Nott et al., 2002a (Nott et al., , 2002b . Expression of IHH was specifically observed to be elevated in these studies. Moreover, crosstalk is known to occur between the HH and Notch signaling pathways, allowing signaling through each pathway to affect the other (Figueiredo et al., 2016; Ringuette et al., 2016) . Because elevated expression of Hedgehog signaling members has been observed in CS rabbits, this study was performed to determine whether coding errors in Gli3, Ihh, Rab23, or Jag1 or gene duplication of Ihh might be causally linked to CS within this model organism.
Materials and Methods

Tissue Samples
Skin samples were collected from wild-type (n ¼ 8) and CS (n ¼ 8) New Zealand White rabbits (Oryctolagus cuniculus) during routine culling of the colony in the present study. The CS rabbits used in this study exhibit an early-onset phenotype with complete bilateral fusion of the coronal suture by 10 days of age and secondary changes in the cranial base, brain, and intracranial volume (Mooney et al., 1994a (Mooney et al., , 1994b Chong et al., 2003; Cray et al., 2011) . The early-onset phenotype is the most severe phenotype exhibited within the colony, and all animals with this phenotype would be expected to carry the causal allele. Hence, we concluded that a sample size of 8 would be more than adequate to exclude a candidate gene from further consideration and would be sufficiently informative to indicate whether genotyping within a larger sample was required. Wild-type rabbits were obtained through Charles Rivers Laboratories and were bred to produce control litters. All CS rabbits were born in our breeding colony of congenitally synostosed rabbits at the University of Pittsburgh, Department of Plastic Surgery vivarium. This study was reviewed and approved by the University of Pittsburgh, Institutional Animal Care and Use Committee (IACUC).
RNA Isolation and First Strand cDNA Synthesis
Skin samples (*50 mg/animal) from wild-type (n ¼ 4) and CS (n ¼ 4) rabbits were pulverized under liquid nitrogen using a BioPulverizer (BioSpec Products, Bartlesville, OK). Pulverized tissues were subsequently homogenized using a BioMasher II micro-homogenizer in 1 mL Trizol (Thermo Fisher Scientific, Grand Island, NY) reagent. Total RNA was precipitated according to the manufacturer's protocol. RNA precipitates were resuspended in 100 mL of Qiagen's RLT buffer and were column purified using the RNeasy Micro Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Purified RNA was eluted in a final volume of 50 mL DEPC-treated dH 2 O.
First-strand cDNA synthesis was performed using the AccuScript Hi-Fi cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer's protocol. Firststrand cDNA synthesis reactions were performed using 1.5 to 5 mg purified RNA as template with an oligo(dT) primer. Incubations were performed for 2 hours at 42 C. Reactions were terminated by heat inactivation at 70 C for 15 minutes and samples were stored at -80 C until use.
Genomic DNA Isolation
Skin samples (*50 mg/animal) from wild-type (n ¼ 4) and CS (n ¼ 4) rabbits obtained during routine culling of the colony were suspended in 1 mL freshly prepared lysis buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 10 mM EDTA [pH 8.0], 1% SDS, 0.4 mg/mL Proteinase K) and were incubated at 65 C overnight. The following day, samples were homogenized using a BioMasher II micro-homogenizer (Polysciences Inc, Warrington, PA). Homogenates were sequentially extracted with buffer-saturated phenol and chloroform. The aqueous phase was collected and transferred to a tube containing 2.5 volumes of 95% ethanol. Samples were mixed by gentle inversion to minimize chromosomal shearing. Flocculent DNA precipitates were collected by spooling onto a sterile micropipette tip and were transferred to a fresh tube. Genomic DNA samples were resuspended in TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA [pH 8.0]) at a final concentration of 1 mg/mL as determined by spectrophotometry.
PCR Amplification and Gel Purification
Amplification of first strand cDNA templates encoding for Ihh, Gli3, Rab23, and Jag1 were performed using the Q5 High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA) and 1 mL cDNA as template in a 25 mL reaction. Primer sets spanning Ihh (GenBank accession: XM_008259184.2), Gli3 (GenBank accession: XM_017344449.1), Rab23 (GenBank accession: XM_002714520.3), and Jag1 (GenBank accession: XM_002710971.3) are presented in Table 1 . PCR conditions for cDNA templates consisted of (1) an initial denaturation at 98 C for 30 seconds; (2) 45 cycles of denaturation at 98 C for 10 seconds, annealing at 60 C for 20 seconds, and extension at 72 C for 20 to 30 seconds; and (3) a final extension at 72 C for 45 seconds. PCR conditions for genomic templates used 1 mg genomic DNA under identical conditions for 40 cycles of amplification.
PCR products were separated on 2.0% agarose gels in 1Â TAE buffer containing 1 mg/mL ethidium bromide using an Owl Wide Gel Electrophoresis System (Thermo Fisher Scientific). A 2-log DNA Standard (New England Biolabs) was included in all gels. Products were visualized under UV light, and appropriately sized products were excised from the gel using a clean coverslip. Isolated bands were purified using the Silica Bead DNA Gel Extraction Kit (Thermo Fisher Scientific) according to the manufacturer's protocol.
Sequencing
Sequencing for all genes was performed using cDNA templates derived from at least 4 wild-type rabbits and 4 craniosynostotic rabbits. PCR products mixed with either forward-or reversesequencing primers (Table 1) were submitted to GENEWIZ (South Plainfield, NJ) for sequencing. Sequencing alignments were performed using Clustal Omega (EMBL-EBI, Cambridge, UK). Chromatograms were visually inspected using Chromas v.2.5.1 Software (Technelysium, South Brisbane, Australia) for validation of sequencing results. All SNPs were compared against the dbSNP database to identify potential correlates within the human genome.
Protein Isolation, Western Blotting, and Densitometry
Lung samples (*50 mg) were homogenized in 200 mL RIPA Lysis Buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) using a BioMasher II micro-homogenizer (Thermo Fisher Scientific). Protein lysates were incubated on ice for 15 minutes and the insoluble fraction was subsequently removed by centrifugation at 12,000 Â g for 15 minutes at 4 C. Protein concentrations were determined using a BSA standard and a bicinchoninic acid assay.
RIPA lysates (10 mg/sample) were solubilized by boiling in 1ÂSDS loading dye (50 mM Tris-HCl [pH 7.6], 1% b-mercaptoethanol, 0.001% bromophenol blue, 6% glycerol, 2% SDS) for 5 minutes prior to loading on 12% denaturing CCA TCA GTC AGA GGA AGC TCG AGC CC Gli3F2113 AGC CCT GGT GGT CAG TCT TCA TGC AGC Gli3R2831 AGG GGC GTG GGT GGC GGG C Gli3F2763 GCC CGC CCA GCA GTA CCG CCT AA Gli3R3437 GTA CAG GGC TGC TCC AGG GCG C Gli3F3230 TGA CCA TGG ATG CGG ATG CCA GCC TG Gli3R4105
GCT GGC TGT GAG TCC CCG GCA G IHHF1 ATG TCT CCC GCC CGG CTC CGG CC IHHR142 AGG CGA GCG GCA CGA GTT TGC GC IHHF1042 GCG GCT GTG GCT GAC CAC CGG C IHHR1233 TCA GCT CCC CGC CCC GGA CAT GCC Chr7: 160293023 TCC CCA GCT CAG GTC TCT TCC GGG GC Chr7: 160293860 CGG GGA GCA GGA GGT GCC ATG C Chr7: 160295273 GCC CCA GCG GGC ACT GCA CTG C Chr7: 160295785 GCT AGG ATG GGA GCG AGC ACG CTG Chr7: 160297923 GCG TGC CAG GCA GCG GAG AAA AGG TGC Chr7: 160298380 GCC CAC CCG GCG CCC TCG C
RAB23F1
ATG TTG GAG GAA GAT CTG GAA GTG GC  RAB23R352  GTA CAG TTG GTA TAT CCC CAA CTT  CAG C  RAB23R714  TTA GGG TAT GCT ACA GCT GCT GAA AGG   JAGF1  ATG CGG TCC CCA CGG ACG CGC GGC C  JAGR184  CCG GGT TGC GGG CAC CTC CGC  JAGR682  CGG GGC CCA TCC AGC CTT CCA TGC ACG  JAGF579  CTT TGG CTG CAA CAA GTT CTG CCG GCC  JAGR1218  GCC GGT CCA CTG GGG AGG GC  JAGF1015  GCC TGC CTC TCT GAC CCG TGC CAC  JAGF1092  GGG CTG GAC TGG TCC CAC GTG C  JAGR1628  CGG TTG TAG CAC TGG GCA CCA  TTC TGG C  JAGF1589  AGC CCA ATC CCT GCC AGA ATG GTG CCC  JAGR2210  CCT TCC CAG CCA CCA GGA CAC ATG C  JAGR2250  GGG CAG GCA GCT ACT ATT CCG GGC  JAGF2131  GAG GCC ACG TGC AAC AAT GGC GGT AC  JAGF2475  GTC TTC GCC TTG TGC CTT CGG GGC  JAGR2850  CGA GGT GCA CTT GGT CTT CAC AGG C  JAGF2671  GCG TGC TCG AAG GTC TGG TGT GGC  JAGR3412  CCT TGA TGG GGA CCG TGT TGG CGC  JAGF3158  AGA AGT GAG GGT TCA GAG GCG GCC TC  JAGF3372  CGA CAT GGA CAA GCA CCA GCA GAA  GGC  JAGR3657  CTA TAC GAT GTA CTC CAT CCG GTT  CAG GC   a The oligonucleotide primers used in this study are summarized above. The relative positions of the oligonucleotides with respect to the Gli3, Ihh, Rab23, and Jag1 cDNAs are depicted in Figure 1 .
polyacrylamide gels (BioRad, Hercules, CA). BioRad's Kaleidoscope standard was used to determine the molecular weight of experimental samples. Electrophoresis was performed at 100 V for approximately 1 hour and protein samples were transferred to nitrocellulose membrane at 500 mA for 30 minutes. Blots were blocked overnight with 5% carnation milk suspended in PBS containing 0.5% Tween 20 and 0.05% sodium azide. Western detection was performed using primary antibodies against IHH (sc-1196; Santa Cruz Biotechnology, Santa Cruz, CA) and GAPDH (ab8245; Abcam, Cambridge, MA), HRP-conjugated secondary antibodies (Abcam), and the Clarity ECL detection system (BioRad). Blots were scanned using an Epson Perfection Photo Color Scanner (Epson, Long Beach, CA) and densitometry was performed using Image J Software. Normalization of data was performed using a GAPDH standard.
Results
Gli3
Point mutations and chromosomal deletions within the GLI3 gene have been linked to Greig cephalopolysyndactyly syndrome, a disorder that is characterized by abnormal development of the limbs, head, and face. In the rabbit, the Gli3 gene consists of 15 exons spanning bases 24951515 to 25228694 on chromosome 10. The rabbit gene shares 88.8% identity with the human gene and 93.2% similarity is observed between the corresponding proteins. Sequencing of Gli3 was performed using the primer sets depicted in Figure 1 and described in Table 1 . Twelve single-nucleotide polymorphisms were identified within the gene, although none were found to segregate by phenotype. In total, 9 synonymous substitutions and 3 nonsynonymous substitutions were identified (Table 2 ). Of the 3 nonsynonymous substitutions, a T!G transversion at Chr10:25014256 resulting in an S352A amino acid substitution was identified in a single CS rabbit. A T!A transversion at Chr10:24952024 resulting in an S1348 T amino acid substitution was identified in 4 WT and 3 CS rabbits. A T!A transversion at Chr10:24951894 resulting in an M1391 T amino acid change was identified in all WT and CS rabbits. Subsequent analysis using PolyPhen-2 predicted each of the 3 substitutions to be benign. Three synonymous SNPs and 1 nonsynonymous SNP were found to align with human SNPs in the dbSNP database. A G!T transversion at position Chr10:24953084 in the rabbit aligned with a C!T transition in the human genome (rs554127075). Two C!T transitions found at Chr10:24952757 and Chr10:24952661 in the rabbit aligned with C!T transitions in the human genome (rs377548569 and rs764106412). A nonsynonymous T!A transversion at Chr10:24952024 resulting in an S1348 T amino acid change aligned with an A!G transition resulting in a T1412A substitution in the corresponding human sequence (rs752320089).
Ihh
Philadelphia-type craniosynostosis has been associated with duplication of the Ihh gene (Klopocki et al., 2011) . The disorder is characterized by fusion of the sagittal suture and complete soft tissue syndactyly of hand and foot. In the rabbit, the Ihh gene consists of 4 exons spanning bases 160292264 to Figure 1 . The full-length cDNAs for Gli3, Ihh, Rab23, and Jag1 are depicted in line art. The relative positions of primer pairs used for PCR amplification and sequencing are identified using arrows in the forward (!) and reverse ( ) orientations and are labeled as forward (F) or reverse (R) sequences. identity with the human ortholog, and the rabbit and human proteins share 98.1% similarity at an amino acid level. Sequencing of cDNA templates revealed 3 synonymous G!A transitions at Chr7:160298048, Chr7:160295611, and Chr7:160295548. A nonsynonymous G!T transversion was observed at Chr7:160293641 in 2 of 4 synostotic animals, resulting in an A230 S substitution. The nearest neighboring SNP was a synonymous C!G transversion within the corresponding codon in the human genome (rs772887242). Because gene duplication of IHH has been associated with CS in patients and the expression profile of HH family members is altered within the synostotic rabbit colony, genomic DNA templates from an additional 4 animals per animals were sequenced using primer sets derived from intronic sequences. No SNPs were identified in these samples. Western blotting was also performed, and no significant differences were observed in the expression of the IHH protein between WT and CS rabbits (Figure 2 ).
Rab23
Truncating and missense mutations in Rab23 have been linked to Carpenter syndrome, a rare autosomal recessive disorder that is characterized by craniosynostosis, obesity, polydactyly, congenital cardiac defects, and learning disability. Functionally, RAB23 acts as a negative regulator of the HH signaling pathway. In rabbits, the Rab23 gene consists of 7 exons spanning bases 47131010 to 47167998 on chromosome 12. The rabbit gene shares 93.8% identity with the human ortholog, and the rabbit and human proteins share 98.7% similarity at an amino acid level. Sequencing of cDNA templates revealed 2 synonymous G!A transitions at positions Chr12:47163478 and Chr12:47163430 and a single synonymous C!T transition at position Chr12: 47159878. The G!A transition at Chr12:47163430 was found to align with an A!G transition in the human genome (rs576194133). 
Jag1
Mutations in Jagged1 have been identified in approximately 90% of patients with Alagille syndrome, a disorder that is characterized by heart and liver abnormalities and frequently involves coronal synostosis . The JAG1 gene consists of 26 exons spanning bases 25560297 to 25596254 on chromosome 4, and the JAG1 cDNA is 3657 base pairs in length. Sequencing of JAG1 was performed using the primer sets depicted in Figure 1 and described in Table 1 . No nucleotide variants were identified in the JAG1 cDNA for any of the animals examined.
Discussion
The craniosynostotic rabbit is useful because it remains the only naturally occurring large animal model for CS (Mooney et al., 2002; Holmes, 2012) . More importantly, it has proven to be useful for evaluating biological therapies targeted against both primary fusion of the coronal suture and postoperative reossification following surgical management of the disease (Chong et al., 2003; Cooper et al., 2007 Cooper et al., , 2009 Mooney et al., 2007a Mooney et al., , 2007b Cray et al., 2011 Cray et al., , 2012 Gilbert et al., 2016) . The utility of the CS rabbit as a model organism has been limited, however, by the paucity of data concerning its genetic etiology. Our laboratory is currently in the midst of trying to identify the gene or genes responsible for craniosynostosis in this rabbit model by sequencing of known candidate genes that contribute to CS in humans as well as using bioinformatic approaches to identify potentially novel causal loci in this large animal model. Sequencing of known candidate genes is unfortunately necessary because of the lack of commercial tools designed for genetic characterization of the rabbit. To date, we have excluded FGFR1-3, Twist1, EFNA4, and EFNB1 as the likely causal loci for synostosis within the CS rabbit colony (Gallo et al., 2013 (Gallo et al., , 2014 . We examined Gli3, Ihh, Rab23, and Jag1 in this study because previous work in our laboratory has implicated Hedgehog signaling members in the CS rabbit.
In the present study, we asked whether coding errors in Gli3, Ihh, Rab23, or Jag1 or gene duplication of Ihh might be causally linked to CS within the rabbit. We have previously shown that the expression profile of HH family members is elevated in the synostotic rabbit population relative to wild-type animals, suggesting that aberrant signaling through the HH signaling pathway might be causally linked to disease in the synostotic rabbit (Nott et al., 2002a (Nott et al., , 2002b . Furthermore, crosstalk occurs between the HH and Notch signaling pathways, suggesting that aberrant Notch signaling might play an indirect role in disease progression within the CS rabbit (Figueiredo et al., 2016; Ringuette et al., 2016) . Sequencing and protein analysis, however, indicate that the causal locus for heritable craniosynostosis in this rabbit model is not located within the protein coding regions of Gli3, Ihh, Rab23, or Jag1 and is not the result of a gene duplication in Ihh.
There remain other candidate genes to examine in this rabbit model to determine the basis of the disease phenotype, but it is also possible that the phenotype displayed by these animals is derived from an as yet unrecognized genetic locus. Our research group is pursuing 2 active paths of inquiry to distinguish between these possibilities. We continue to exclude known candidates by means of sequencing while simultaneously attempting to identify novel candidates by means of a genomewide association study. Further investigation to identify the fundamental genetic defect in these animals will hopefully shed light into the molecular mechanisms underlying craniosynostosis and possibly point the way to new interventions.
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